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reason, the region of the visual field where the stimulusTime Has Come
must fall is called the response field of the neuron, rather
than the receptive field, which is what it would be called
if stimulating that location were alone sufficient to acti-
vate the neuron.The ramp-like rise and fall of activity in neurons of
In this experiment, the duration of the test light relativethe LIP area of the posterior parietal cortex of alert
to the remembered duration of the standard determinedbehaving monkeys performing a duration discrimina-
the time course of the neuron’s response to a targettion task tracks the changing relative likelihoods that
stimulus in its response field. As time passed duringthe stimulus in their response field will become the
the presentation of the test light, the likelihood that thetarget of a saccade.
stimulus in the neuron’s response field would become
the target of the saccade increased or decreased, de-In this issue of Neuron, Leon and Shadlen (2003) open
pending on whether the target in the response field wasa new chapter in the research on the cellular bases of
the long or the short target.behavior—determining the neuronal basis for the experi-
In alternating blocks of trials, the standard durationence of duration. Given the fundamental role that the
was 316 or 800 ms. The significance of a given elapsedexperience and control of duration play in behavior, it
time since test light onset varied with the standard dura-is perhaps surprising how little attention has been paid
tion and so did the extent of the rise or fall in the neuron’sto the neurobiology of interval timing (see, however,
firing rate. During the test light, the neuron’s rising orBuonomano and Karmarkar, 2002; Gibbon et al., 1997).
falling activity level indicated the elapsed duration rela-Perhaps this is because the abstract dimensions of our
tive to the standard, rather than which target would beexperience—time, space, and number—are so far re-
chosen, as indicated by two critical findings: (1) varia-moved from the elementary sensations, which, in the
tions in neural bisection points (estimates of when theempiricist tradition, are the bricks out of which experi-
critical duration has been attained), based on firing dur-ence is constructed. Be that as it may, the investigation
ing the test light, do not predict variation in behavioralof the cellular neurobiology of the experience of tempo-
bisection points (although neural firing in the 100 msral duration is beginning.
preceding the saccade itself does); (2) the firing rate atLeon and Shadlen recorded from rhesus monkeys
the onset of the test light is considerably greater whenwhile they performed a temporal discrimination task de-
the short target is in the neuron’s response field rathertermining if the duration of a test stimulus is shorter or
than when the long target is. At that time, the probabilitylonger than a remembered standard. They observed that
of the two choices is the same, but the relative likelihoodneurons in the lateral intraparietal area (LIP) of the poste-
that the short target will become the target is at itsrior parietal cortex show a ramped response that corre-
maximum, while the complementary relative likelihoodsponds approximately to the comparison between a
(that the long target will) is at its minimum.currently elapsing duration and a remembered standard
This seminal, methodologically and conceptually so-duration. Moreover, they show that the trial-to-trial vari-
phisticated experiment opens up the second importantability in these firing ramps exhibits a signature of the
field of investigation in the neurobiology of time. Thirtybehaviorally measured interval-timing mechanism: sca-
years ago, the neurobiology of circadian timing was alar variability (Gibbon, 1977; Killeen and Weiss, 1987).
mystery. Now, we are well on our way to understandingThis indicates that the variability grows proportionally
not only its cellular but also its molecular basis (Morrewith elapsed time. Finally, they show that the neurome-
et al., 2002; Pennartz et al., 2002). The cellular and mo-tric function for ensembles of such neurons—the accu-
lecular mechanisms of interval timing, by contrast, re-racy with which duration discrimination could be done
main a mystery, but there is a rich, highly quantitativeusing those signals—is quantitatively consistent with
behavioral literature to motivate and direct the neurobio-the psychometric function—the accuracy with which the
logical inquiry. Some key findings are:monkeys do it.
Leon and Shadlen’s monkeys judged whether the du-
ration of a test light was shorter or longer than a remem- • Duration discriminations are not carrier specific:
learned with one stimulus (e.g., a light), they generalizebered standard duration. In response to a trigger cue,
delivered at a variable delay after the offset of the test immediately to others (e.g., a noise). It is the duration
of the simulus that matters, not what it was that hadlight, they indicated their judgment by a saccade to
one of two choice targets. The two choice targets were that duration (Meck and Church, 1982; Roberts, 1982).
• Animals can respond not only to the proportion (ratio)present throughout the trial. On half of the trials, the
target that was correct when the test duration was less between a currently elapsing interval and a remem-
bered standard, but also to the sum (Barnet et al.,than the standard was in the response field of the neuron
whose activity was recorded. On the other half, it was 1997; Barnet and Miller, 1996; Roberts and Church,
1978) and difference (Fantino and Goldshmidt, 2000)in the opposite visual field, and the long target was in
the response field. of two intervals and even to the proportion between
a steadily diminishing difference and a standard (Gib-Neurons in LIP respond to a visual stimulus when two
conditions are satisfied: (1) it must fall in a certain region bon and Church, 1981). This is a prime area for investi-
gating the computational capacity of neural tissue.of the visual field, and (2) the monkey must intend to
make a saccade to it (Colby and Goldberg, 1999). When • Interval timing with scalar variability covers a range
from fractions of a second to an hour and perhapsit is in the requisite location but is not the intended target
of a saccade, it does not activate the neuron. For this more, although whether the coefficient of variation is
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constant throughout this range remains to be deter- the association between rewards and the sensory
events that reliably precede them, our nervous systemmined (Gibbon et al., 1997).
can gain the ability to appropriately anticipate and pre-
On this foundation, investigations of the neural mecha- pare for rewarding experiences. This learning capability
nisms for timing and recording in memory the durations extends to events or objects that are themselves af-
of intervals may proceed. fectively neutral but which can take on affective signifi-
cance because of their systematic co-occurrence with
C.R. Gallistel rewards. Such effects were first conclusively demon-
strated in the famous experiments of Pavlov, whichRutgers Center for Cognitive Science
showed that dogs can be conditioned to salivate in re-Rutgers University
sponse to a ringing bell that had in the past been pairedPiscataway, New Jersey 08854
with the appearance of a slab of meat. Unfortunately,
Selected Reading in humans, reward-based learning can also lead to the
development of maladaptive behavior patterns, such as
Barnet, R.C., and Miller, R.R. (1996). J. Exp. Psychol. Anim. Behav.
that of the pathological gambler who continually getsProcess. 22, 279–296.
lured in by the sights and sounds of the casino, or the
Barnet, R.C., Cole, R.P., and Miller, R.R. (1997). Anim. Learn. Behav.
heroin addict who feels irresistible cravings at the sight25, 221–233.
of a syringe. The quest to discover the critical mecha-Buonomano, D.V., and Karmarkar, U.R. (2002). Neuroscientist 8,
nisms underlying reward-based learning has been a42–51.
prominent theme of psychological and neuroscience re-Colby, C.L., and Goldberg, M.E. (1999). Annu. Rev. Neurosci. 22,
search over the last century. Over the last decade, how-319–349.
ever, there has been a rapid acceleration of scientificFantino, E., and Goldshmidt, J.N. (2000). Psychol. Sci. 11, 229–233.
progress in this area, based in large part from two paral-Gibbon, J. (1977). Psychol. Rev. 84, 279–335.
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ing (e.g., O’Doherty et al., 2002). In this issue of Neuron,Pennartz, C.M.A., de Jeu, M.T.G., Bos, N.P.A., Schaap, J., and Geurt-
O’Doherty et al. (2003) and McClure et al. (2003) reportsen, A.M.S. (2002). Nature 416, 286–290.
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in the primate dopamine studies can also be profitably
investigated in humans.
The O’Doherty et al. and McClure et al. studies take
as their starting point the finding that midbrain dopamine
cells show stimulus-locked phasic bursts in activity thatPrinciples of Pleasure Prediction:
become modulated as a function of learning (Figure 1).Specifying the Neural Dynamics Specifically, in one set of conditioning studies (Ljung-
berg et al., 1992; Schultz et al., 1993), monkeys wereof Human Reward Learning
given a cue (the conditioned stimulus or “CS”) that
was reliably followed by a few drops of palatable fruit
juice (the unconditioned stimulus or “US”). Initially, do-
Accumulating evidence from nonhuman primates sug- pamine cells responded with phasically increased activ-
gests that midbrain dopamine cells code reward pre- ity when the US was given. Over time, the monkeys
diction errors and that this signal subserves reward apparently learned to expect the US following the CS.
learning in dopamine-receiving brain structures. In this The burst of activity shifted backward in time, so that
issue of Neuron, McClure et al. and O’Doherty et al. use phasic dopamine responses occurred when the CS
event-related fMRI to provide some of the strongest was presented but not when the US was subsequently
evidence to date that the reward prediction error given as expected. Finally, in trials where the US was
model of dopamine system activity applies equally well unexpectedly omitted, the dopamine cell activity tran-
to human reward learning. siently depressed at the expected time of US delivery.
These results have been interpreted as suggesting that
The smell of fresh coffee brewing in the morning, the dopamine cells code a reward prediction error signal,
sight of a bright red lobster on the dinner plate, the in which phasic activity bursts signal a discrepancy be-
touch of a lover’s lips before a kiss—all of these sensory tween actual and expected future rewards. Importantly,
signals provide information to our nervous system that this error signal may serve as a direct trigger for learning
associations to reward-predicting cues. Dopamine cellsa rewarding experience is soon forthcoming. By learning
